Background: Phytyl residues are the common side chains of chlorophyll (Chl) and tocopherols. Geranylgeranyl reductase (GGR), which is encoded by CHLP gene, is responsible for phytyl biosynthesis. The light-harvesting like protein LIL3 was suggested to be required for stability of GGR and protochlorophyllide oxidoreductase in Arabidopsis. Results: In this study, we isolated a yellow-green leaf mutant, 637ys, in rice (Oryza sativa). The mutant accumulated majority of Chls with unsaturated geranylgeraniol side chains and displayed a yellow-green leaf phenotype through the whole growth period. The development of chloroplasts was suppressed, and the major agronomic traits, especially No. of productive panicles per plant and of spikelets per panicle, dramatically decreased in 637ys. Besides, the mutant exhibited to be sensitive to light intensity and deficiency of tocopherols without obvious alteration in tocotrienols in leaves and grains. Map-based cloning and complementation experiment demonstrated that a point mutation on the OsLIL3 gene accounted for the mutant phenotype of 637ys. OsLIL3 is mainly expressed in green tissues, and its encoded protein is targeted to the chloroplast. Furthermore, the 637ys 502ys (lil3 chlp) double mutant exclusively accumulated geranylgeranyl Chl and exhibited lethality at the three-leaf stage.
Background
Chlorophyll (Chl) is the main component of the photosynthetic pigments, which derives from the esterification of chlorophyllide (Chlide) and phytyl diphosphate (phytyl-PP) [1, 2] . Vitamin E, including tocopherols and tocotrienols, is a potent antioxidant, and is generally believed to arise from the condensation of homogentisic acid (HGA) and phytyl-PP or geranylgeranyl diphosphate (GGPP). Tocopherols carry a phytyl chain, while tocotrienols harbor a geranylgeranyl chain [3, 4] . Chls and tocopherols harbor a common phytyl residue. The phytyl chain of Chls is generated from the reduction of GGPP, while the phytyl chain of tocopherols originates from the reduction of GGPP or Chl degradation [5] [6] [7] [8] . The geranylgeranyl reductase (GGR) can either reduce geranylgeranyl Chl (Chl GG ) into phytyl Chl (Chl phy ), or reduce GGPP to phytyl-PP to provide phytyl residue for Chl, tocopherol and phylloquinone biosynthesis [5, 9] . Lots of CHLP genes encoding GGR have been characterized in photosynthetic bacteria [10] [11] [12] [13] and higher plants [5, 9, 14, 15] . In cyanobacterium, Synechocystis sp. PCC 6803, the ΔchlP mutant exclusively accumulates Chl GG a together with low amounts of α-tocotrienol, and displays lethal phenotype in the absence of glucose [16] . In rice (Oryza sativa), two chlp mutants, lyl1 and 502ys, were reported. They exhibited similar yellow-green leaf phenotype and Chl compositions, in which, besides phytyl Chl (Chl phy ), the majority of Chls were conjugated with incompletely reduced side chains, including Chl GG , dihydrogeranylgeranyl Chl (Chl DHGG ) and tetrahydrogeranylgeranyl Chl (Chl THGG ) [14, 15] .
The light-harvesting complex (LHC) proteins constitute the major outer antenna protein complexes of photosystem I (PSI) and II (PS II). The typical LHC proteins have three transmembrane helices, one or two of which represent LHC motifs because they include potential Chl-binding sites [17] . The LHC-like protein (LIL) contains one to four membrane-spanning domains, and shares one or two of the LHC motifs. Unlike the LHC, LIL does not appear to be involved in light harvesting [18] [19] [20] [21] [22] . So far, many LIL proteins have been identified in land plants and green algae as well as in cyanobacteria, including single-helix proteins (OHPs), also known as high-light induced proteins (HLIPs), double-helix stress-enhanced proteins (SEPs), three-helix early lightinduced proteins (ELIPs), and four-helix PsbS protein [18, [20] [21] [22] [23] [24] [25] [26] [27] [28] . In Arabidopsis, a total of 10 LIL proteins have been characterized. Among these proteins, SEP1, SEP2, LIL3:1 and LIL3:2 belong to the double-helix LIL proteins. SEP1 and SEP2 are stress-induced [23] . LIL3:1 and LIL3:2 contribute to regulating Chl and tocopherol biosynthesis [18, 20] .
LIL3 protein has been isolated for the first time from the de-etiolated barley (Hordeum vulgare) seedlings [29] . In Arabidopsis, there are two LIL3 gene copies, LIL3:1 and LIL3:2. Both lil3:1 and lil3:2 transposon insertion mutants accumulated a minor fraction of Chls with incompletely reduced side chains, and exhibited indistinguishable phenotypes from those of wild type. However, the lil3:1 lil3:2 double mutant, which exhibited yellowish green leaves and retarded growth rate, accumulated a majority of Chl GG , Chl DHGG , and Chl THGG , and was deficient in αtocopherol. LIL3 was suggested to be involved in the formation of phytyl chains of Chl and tocopherol by stabilizing GGR [18] . Nevertheless, no lil3 mutant has been identified so far in the monocotyledonous plants.
In our study, we isolated a yellow-green leaf mutant 637ys in rice, accumulating Chls with unsaturated side chains. Compared with the wild type, major agronomic traits dramatically decreased and tocopherols in leaves and grains were significantly lower in 637ys. Map-based cloning and complementation experiments demonstrated that the mutant phenotype of 637ys was a result of the point mutation of OsLIL3 (LOC_Os02g03330) gene. OsLIL3 is mainly expressed in green tissues and its encoded protein is localized to the chloroplast. Furthermore, the 637ys 502ys double mutant exclusively accumulated Chl GG and exhibited lethality at the three-leaf stage, suggesting that the complete replacement of phytyl side chain of Chl by geranylgeranyl chain could be fatal to plant survival in rice.
Results

Isolation and characterization of the 637ys mutant
In a previous study, we isolated the yellow-green leaf mutant 502ys from japonica cultivar Nipponbare (NP), which accumulated the Chls with unsaturated side chains, and was resulted from a point mutation causing an amino acid substitution G206S in OsCHLP (LOC_ Os02g51080) gene [15] . Here, we obtained a new mutant 637ys from japonica cultivar ZH11 via EMS mutagenesis, which accumulated majority of Chls with unsaturated side chains as well as a small amount of Chl phy (about 10% of Chl phy in the wild type) (Additional file 1: Figure S1 ). The 637ys mutant displayed a yellow-green leaf phenotype through the whole growth period and grew at a very slow rate. The young leaves from leaf sheaths stayed green in 637ys, but rapidly turned yellow in several days ( Fig. 1 ). Despite 19 days delay to heading compared to wild type ZH11, 637ys showed dramatic declines in major agronomic traits. For instance, while the wild type plants had an average on 7.2 of productive panicles, 637ys plants had only one to at most three, (Table 1) .
To quantify the mutant phenotype of 637ys, we determined the contents of photosynthetic pigments in the 637ys and ZH11 plants at both seedling and heading stages. The amount of total Chl, Chl a, Chl b, and Caro in 637ys remarkably decreased by 50.6 to 58.2%, 47.4 to 57.3%, 63.4 to 61.4%, and 24.0 to 53.4%, respectively, compared to those in wild type (Fig. 2) . These results suggested that the yellow-green leaf phenotype was due to its decreased level of photosynthetic pigments.
To explore if the reduced contents of photosynthetic pigments affect the development of chloroplasts in 637ys, we investigated the ultrastructure of chloroplasts under transmission electron microscopy. A number of grana stacks consisting of well-developed grana lamellae connected by stroma lamellae were present in wild type chloroplasts ( Fig. 3a, b ). However, the chloroplasts were swollen in 637ys. Even if some grana stacks existed, the grana lamellae were less densely spaced than those in wild type and changed into disarray arrangement. Furthermore, stroma density decreased and osmiophilic globules occurred in the stroma in 637ys ( Fig. 3c, d) . These results revealed that the development of chloroplast was suppressed in the 637ys mutant.
Sensitivity of 637ys mutant to temperature and light intensity
To investigate if the mutant phenotype was dependent upon temperature, the 637ys and wild type plants grown in the growth chamber were treated by two different temperature conditions (constant 23°C and 30°C). As a consequence, the 637ys mutant grown under different temperature conditions exhibited indistinguishable leafcolor phenotype (Additional file 2: Figure S2 a1, a2). Its Chl contents significantly reduced, compared to wild type, but there was no obvious difference between low temperature and high temperature, which was similar to those in its wild type ( Fig. 4 ; Additional file 3: Table S1 ; Additional file 4: Table S2 ). These data suggested that the phenotype of 637ys was independent upon temperature.
All mutants accumulating the Chls with unsaturated side chains displayed sensitivity to light intensity [14, 30] . Correspondingly, the phenotype of 637ys mutant under low light (80 μmol m − 2 s − 1 ) and high light (300 μmol m − 2 s − 1 ) was also investigated. The mutant displayed yellow-green leaf phenotype under high light condition (Additional file 2: Figure S2 a1-b2). Meanwhile, its Chl contents significantly declined, compared to that under low light condition, while the Chl contents in wild type remained relatively stable ( Fig. 4 ; Additional file 5: Table S3 ). These data suggested that the phenotype of 637ys depended on light intensity. 
Analysis of vitamin E in leaves and grains
Tocopherols and tocotrienols constitute vitamin E. The phytyl-PP forms the side chains of both Chl phy and tocopherols, and the GGPP forms the side chains of Chl GG and tocotrienols [4, 5] . Because of the accumulation of Chls with unsaturated side chains in 637ys mutant, to investigate whether the composition of vitamin E was affected, we analyzed the tocopherol and tocotrienol compositions in leaves and grains in 637ys and its wild type ZH11 by HPLC. In leaves, HPLC profiles of vitamin E showed that α-tocopherol was abundant in wild type, while the elution peak of α-tocopherol in 637ys was much lower than that in wild type and significantly decreased by 89.2% (peak 1 in Fig. 5b , c; Fig. 5f ). At the same time, a small amount of γ-tocopherol was detected in the wild type leaves (peak 2 in Fig. 5b ), but not in the 637ys mutant. It is noteworthy that a minor peak (peak 7 in Fig. 5c ), whose retention time was 0.5 min fewer than the peak of γ-tocopherol in wild type, was detected in the 637ys mutant. We speculated that the minor peak in the 637ys was likely to be an isomer of γtocopherol [4] . In addition, tocotrienols in leaves were almost undetectable either in wild type or 637ys mutant ( Fig.  5b , c). In grains, HPLC analysis showed that the 637ys mutant had few of α-tocopherol or γ-tocopherol declining by 90.9 and 89.7% respectively (peaks 1 and 2 in Fig. 5d , e; Fig.  5f ), but considerable level of tocotrienols comparable to ZH11 (peaks 4, 5 and 6 in Fig. 5d , e; Fig. 5f ; Additional file 6: Figure S3 ) [4, 14] . These results indicated that tocopherols were deficient, but the accumulation of tocotrienols was not affected in 637ys.
Map-based cloning of the 637ys mutant gene
We crossed 637ys with 502ys (chlp) mutant, and the resulting F 1 plants all displayed normal green phenotype, which indicated that 637ys and 502ys mutant genes are not allelic. In order to genetically analyze the 637ys mutant, we crossed 637ys with its wild type ZH11 and normal green indica cultivar G46B. All resulting F 1 plants exhibited a normal green phenotype. Leaf-color phenotypes of the F 2 populations segregated with a ratio of 3:1 (χ 2 < χ 2 0.05 = 3.84, P > 0.05), suggesting that a single recessive gene was responsible for the yellow-green leaf phenotype of 637ys.
Next, the F 2 population from the cross between 637ys and G46B was constructed for mapping. Preliminary mapping results suggested that the 637ys locus was linked with the SSR marker RM6641 on the short arm of Chromosome 2, and then we used 2 SSR markers and 3 InDel markers (Additional file 7: Table S4 ) to locate 637ys in a 334-kb region between SSR markers RM110 and RM7033 with 0.2 and 3.7 cM respectively ( Fig. 6a, b ). Within this region, we have further developed a total of 8 InDel and SSR markers which however showed no polymorphism between 637ys and G46B.
Although there are 62 putative genes within the 334-kb region according to the Rice Genome Annotation Project (http://rice.plantbiology.msu.edu/annotation_pseudo_curr ent.shtml), the genetic distance between the 637ys locus and RM110 is much shorter than that between 637ys and RM7033, which suggested that the 637ys locus should be close to RM110 (Fig. 6b, c ). Therefore we analyzed the genes in this region starting from RM110 based on the annotations and the TargetP and ChloroP (http://www.cbs. dtu.dk/services/TargetP/; http://www.cbs.dtu.dk/services/ ChloroP/) [31, 32] . Of particular interest, we found a gene, LOC_Os02g03330, which encodes a light-harvesting like protein with 57 and 58% identities to LIL3:1 and LIL3:2 in Arabidopsis respectively (Fig. 6d ). The lil3:1 lil3:2 double mutant of Arabidopsis accumulated Chl GG , Chl DHGG , and Chl THGG , showing a similar phenotype to the 637ys mutant [18] . Then we sequenced the DNA extracted from 637ys mutant and its wild type, and the results revealed that a Gto-A substitution occurred in position 368 of the gene (Fig. Analysis of vitamin E in leaves and grains of 637ys. Elution profiles of the tocopherol standards (a), tocopherols in leaves of wild-type ZH11 (b) and 637ys (c), tocopherols and tocotrienols in grains of ZH11 (d) and 637ys (e) were detected by fluorescence with excitation at 290 nm and emission at 330 nm. Tocopherol contents in leaves and grains of ZH11 and 637ys (f) were quantified by using tocopherol standards. α-T, α-tocopherol; γ-T, γ-tocopherol. The tocopherol standards were prepared by pooling identical volumes of α-tocopherol, γ-tocopherol and δ-tocopherol at the same concentration. Peaks 1 and 2 represent α-tocopherol and γ-tocopherol; Peak 3 is δtocopherol which does not exist in rice and was used as control. Peaks 4, 5 and 6 represent α-tocotrienol, γ-tocotrienol and δ-tocotrienol, respectively. Peak 7 might be the isomer of γ-tocopherol. Error bars represent standard errors of three independent biological replicates. Asterisks indicate statistically significant differences (with Student's t test) compared with the wild-type at P < 0.01 6d). Furthermore, we sequenced cDNA of LOC_ Os02g03330 in 637ys mutant and ZH11. Sequence alignment showed that the substitution occurred at the first nucleotide of the first intron in the DNA sequence of LOC_ Os02g03330, and consequently caused 10 bp-intron sequence insertion in cDNA sequence of this gene in 637ys mutant ( Fig. 6e ). Thereby the reading frame shift in LOC_ Os02g03330 resulted in premature translation of its encoded protein in 637ys (Additional file 8: Figure S4a ). Therefore, LOC_Os02g03330 was considered as the candidate gene of 637ys mutant, and designated as OsLIL3.
Searching in the rice genome database revealed that OsLIL3 is a single copy gene. Alignment of sequenced DNA and cDNA showed OsLIL3 has three exons and two introns and its full length of genomic sequence and cDNA are 2384 bp and 753 bp, respectively. The protein encoded by OsLIL3 comprises 250 of amino acids, which has a molecular weight of 27.6 kDa. The OsLIL3 contains a predicted chloroplast transit peptide of 44 amino acids at N-terminus (Additional file 8: Figure S4 ) [31, 32] . The structure-prediction programs TMHMM and HMMTOP (http://www.cbs.dtu.dk/services/TMHMM/; http://www.enzim.hu/hmmtop/html/submit.html) [33, 34] indicate two transmembrane helices, among which the first helix of OsLIL3 proteins includes the wellconserved LHC motif (Additional file 9: Figure S5 ). According to multiple alignment of OsLIL3 and its homologues in different species, OsLIL3 has a high similarity to its homologues in monocotyledonous plants, barley (Hordeum vulgare), and maize (Zea mays) and dicotyledonous plants, cucumber (Cucumis sativus) and tobacco (Nicotiana tabacum), with 72, 72, 70 and 63% respectively. Phylogenetic analysis revealed that OsLIL3 is more closely related to its homologues from barley and maize than those from other species (Fig. 7) .
Complementation of the 637ys mutant
To confirm that the mutation of OsLIL3 caused the yellowgreen leaf phenotype in 637ys mutant, we performed a complementation assay. The construct pC2300-OsLIL3 carrying OsLIL3 driven by rice Actin1 promoter was generated by inserting full length cDNA of OsLIL3 into pCAM-BIA2300 vector. Then the final construct was transformed into 637ys mutant mediated by Agrobacterium, and 11 transgenic lines were identified as positive transgenic plants which recovered to normal green ( Fig. 8a-c ). In addition, we determined the Chl compositions in these positive lines. As shown in Fig. 8d -f, positive transgenic lines only accumulated Chl phy instead of Chl conjugated with unsaturated geranylgeraniol side chains. Meanwhile, their levels of tocopherols in leaves reached to those of wild type ( Fig.  8g-i) . These data suggested that the OsLIL3 gene rescued the deficiency of Chl phy and tocopherols in 637ys, from which we conclude that the mutant phenotype of 637ys was due to the single base pair mutation in the OsLIL3 gene. Map-based cloning of the 637ys locus. a The 637ys locus was mapped to a region between InDel markers L1 and L2 on the short arm of the chromosome 2 (Chr.2). b The 637ys locus was narrowed down to a region between SSR markers RM110 and RM7033 using 231 F 2 plants. c The 334 kb-region contains 62 putative genes. d The candidate LOC_Os02g03330 gene is constituted by three exons and two introns, and G-to-A substitution occurred at the first nucleotide of the first intron in the 637ys mutant, the position 368 of its coding region. e 10 bp of intron sequence inserted in the cDNA sequence of OsLIL3 in the 637ys mutant. The sequences of intron and exon are shown in lower and upper case, respectively
Subcellular localization of OsLIL3 protein
OsLIL3 was predicted to contain a chloroplast transit peptide with 44 amino acid residues at its N-terminus by using TargetP and ChloroP (Additional file 8: Figure S4 ) [31, 32] . In order to prove this prediction, we generated constructs expressing OsLIL3-green fluorescent protein (GFP) fusion protein, pCAMBIA2300-35 s-OsLIL3-GFP, transformed rice protoplasts with the final construct and pCAMBIA2300-35 s-GFP (as control) respectively, and observed transformed protoplasts under a laser-scanning confocal microscopy. In accordance with what was predicted by TargetP and ChloroP, the green fluorescence Fig. 7 Phylogenetic tree of OsLIL3 and its homologues. The rooted tree using percentage identities is based on a multiple sequence alignment generated with the program DNAMAN. Scale bar represents percentage substitution per site. GenBank accession numbers for the respective protein sequences are as follows: Oryza sativa OsLIL3 (LOC_Os02g03330); Hordeum vulgare (BAJ88054.1); Zea mays (NP_001167647.1); Cucumis sativus (XP_004147237.1); Nicotiana tabacum (XP_016470950.1); Arabidopsis thaliana AtLIL3:1 (NP_567532.1, At4g17600) and AtLIL3:2 (NP_199522.2, At5g47110); Chlamydomonas reinhardtii (XP_001699421.1) , and TP at the seedling stage were detected at 660 nm, respectively. Peaks 2, 3, 4, and 5 represent Chl phy a, Chl THGG a, Chl DHGG a, and Chl GG a, respectively. Peaks 1, 6 and 7 represent Chl phy b, Chl DHGG b, and Chl GG b, respectively. The absorption spectra of elution profiles in acetone are the same as those in Additional file 1: Figure S1c and d. g, h and i The elution profiles of the tocopherols in leaves of WT, 637ys, and TP at the seedling stage were detected, respectively, by fluorescence with excitation at 290 nm and emission at 330 nm. Peaks 1 and 2 represent α-tocopherol and γ-tocopherol, respectively, and Peak 7 might be the isomer of γ-tocopherol of OsLIL3-GFP fusion protein overlapped with the red autofluorescence of Chl in the chloroplasts, while GFP itself was expressed all over the whole cell ( Fig. 9 ). These data provide strong evidence that OsLIL3 is chloroplast targeted.
Expression pattern of the OsLIL3 gene
To investigate where the OsLIL3 gene was expressed, we analyzed its level of transcripts in different tissues by qRT-PCR, including roots and leaf blades at seedling stage, stems, leaf blades, leaf sheaths, and young panicles of the wild type at both seedling stage and booting stage. The results demonstrated that the OsLIL3 was differentially expressed in different tissues. Specifically, leaf blades ranked the first, with leaf sheaths and young panicles followed, while stems and roots had relatively low levels of transcripts (Fig. 10) . The results indicated that OsLIL3 was mainly expressed in green tissues.
Expression analysis of genes at seedling stage for photosynthesis and Chl synthesis
Since the Chl compositions changed in the 637ys mutant, to investigate whether expressions of the genes associated with photosynthesis and Chl synthesis were affected, we examined transcript levels of 19 related genes and OsLIL3 at seedling stage in 637ys. Among these genes, six genes are related to photosynthesis [35] , including rbcL and rbcS (Rubisco large and small subunits, respectively), CAB1R and CAB2R (Chl a/b-binding proteins of PS II), psaA and psbA (two reaction center polypeptides). Two genes are related to the heme branch, including FC1 and FC2 (ferrochelatase1 and 2) [36] . Eleven genes encode enzymes involved in Chl biosynthesis, including HEMA1 (glutamyl-tRNA reductase), CHLD, H and I (D, H and I subunits of Mg chelatase), CHLM (Mg-protoporphyrin IX methyltransferase), CHL27 (Mg-protoporphyrin IX monomethylester cyclase), DVR (divinyl reductase), PORA (protochlorophyllide oxidoreductase), OsCHLP, YGL (CHLG, Chl synthase), and CAO1 (chlorophyllide a oxygenase) [2, 14, 15, [35] [36] [37] [38] [39] . However, except that OsLIL3 was significantly down-regulated in the 637ys mutant, no significant change in transcription levels of the other genes detected was found. Interestingly, the expression of OsCHLP was not significantly affected in the 637ys (Fig. 11) . The results suggested that the functional defect in OsLIL3 did not affect the transcriptional levels of the aforementioned genes for photosynthesis and Chl and heme synthesis, which were consistent with those from lil3:1 and lil3:2 single mutants and the lil3:1 lil3:2 double mutant [20] .
Phenotype and Chl composition of the 502ys 637ys double mutant
Both 637ys and 502ys accumulated Chls with unsaturated side chains and defected in tocopherols [14, 15] . To further explore the association between OsCHLP and OsLIL3 in Chl phytyl biosynthesis in rice, we generated the homozygous 637ys 502ys double mutant by crossing 502ys mutant with 637ys mutant. Under natural sunlight condition, all F 1 plants displayed a normal green phenotype. Then, F 2 plants displayed a segregation of four phenotypic classes at the early seedling stage: normal green plants, yellow-green plants similar to 502ys, yellow plants similar to 637ys, and more severely yellow and smaller plants which were eventually confirmed as 637ys 502ys double mutants by sequencing the mutation sites of OsCHLP in 502ys and OsLIL3 in 637ys ( Fig. 12 ). To avoid competition for light with other plants stronger than double mutants in the F 2 population, only 637ys 502ys double mutant plants were retained in the soil. Unlike 502ys or 637ys (Fig. 13b, c) , only Chl GG a and Chl GG b were exclusively accumulated, and none of Chl DHGG , Chl THGG , or Chl phy was detectable in the double mutants by HPLC (Fig. 13d) . To investigate the chloroplast development in the double mutants, we also observed the ultrastructure of chloroplasts under transmission electron microscopy. Compared to 637ys and 502ys ( Fig. 3 ) [15] , few of well-developed grana stacks existed in the double mutant (Additional file 10: Figure  S6 ). Unfortunately, the double mutants all died at the three-leaf stage (Fig. 12 ). In addition, we also investigated the 637ys 502ys double mutant grown in a growth chamber under low light at constant 23°C, and obtained similar results of exclusive accumulation of Chl GG and lethal phenotype at the three-leaf stage (Additional file 11: Figure S7 ). These results suggested that the complete absence of Chl phy or only the presence of Chl GG in the double mutant could be fatal to rice seedling.
Discussion
LIL3 protein was firstly isolated from pigment-binding complexes in de-etiolated barley seedlings [29] . The Arabidopsis genome harbors two LIL3 gene copies, LIL3:1 and LIL3:2. Both lil3:1 and lil3:2 transposon insertion mutants accumulated a majority of Chl phy along with tiny amounts of Chls with incompletely reduced side chains [18] . However, no lil3 mutant has been identified in the monocotyledonous plants. In our study, we isolated a yellow-green leaf mutant, 637ys, in rice, accumulating small amounts of Chl phy and a majority of Chls with unsaturated side chains. Map-based cloning and complementation experiments showed that the mutant phenotype of 637ys was a result of the single nucleotide substitution of OsLIL3 (LOC_Os02g03330) gene, which shows high similarity with LIL3 in Arabidopsis. OsLIL3 is a single copy gene and is mainly expressed in green tissues. Its encoded protein is located in the chloroplast. Therefore, we have successfully identified LIL3 gene in rice through a map-based cloning approach.
In Arabidopsis, both lil3:1 knock-down and lil3:2 null mutants displayed an indistinguishable phenotype from the wild type, but the lil3:1 lil3:2 double mutant exhibited yellowish green leaves and grew slower than the lil3 Fig. 10 Expression patterns of OsLIL3 gene. The expression levels were determined by real-time PCR in root (R), and leaf (L), leaf sheath (LS), panicle (P), and stem (S) of wild type grown in a paddy field. The levels of transcripts were normalized to rice Actin 1 gene as an internal control Fig. 11 Expression analysis of genes involved in photosynthesis and Chl biosynthesis between the 637ys mutant and its wild-type ZH11. Actin 1 was amplified as an internal reference. The expression level of each gene in wild types was set to 1.0, and those in 637ys mutant were calculated accordingly. Error bars represent standard errors of three independent biological replicates. The asterisk indicates statistically significant differences (with Student's t test) compared with the wild-type at P < 0.05 single mutants and the wild type plants. 96% of Chl molecules in the lil3:1 lil3:2 double mutant were conjugated with incompletely reduced side chains, while the αtocopherol was barely detectable. These results suggested that LIL3:1 and LIL3:2 proteins share overlapping function and are required for complete biosynthesis of phytyl residues of Chl and tocopherols [18, 20] . In the 637ys mutant, a single nucleotide substitution occurred in OsLIL3, leading to 10 bp-insertion in cDNA sequence and premature termination of translation. The mutant Oslil3 protein contains a total of 133 amino acids without transmembrane helices. After removal of 44 amino acids of chloroplast transit peptide, the rest of the premature protein was predicted to contain 78 of wild-type plus 11 of new amino acids (Additional file 8: Figure  S4a ). The 637ys mutant displayed a yellow-green leaf phenotype with a very slow growth rate and arrested chloroplast development. Correspondingly, the 637ys mutant accumulated about 10% of Chl phy in leaves, and 11.8 and 9.1% of α-tocopherol in leaves and grains respectively, equivalent to those of the wild type (Additional file 1: Figure S1 ; Fig. 5c , e, f). These data suggested that the function of the mutant Oslil3 protein might not be completely abolished, thus the remaining 78 amino acids at N-terminal could still contribute to GGR reaction, or that GGR in 637ys showed a low level of activity without LIL3 protein. Taken together, these data implied that LHC-like protein LIL3 plays a crucial role in phytyl biosynthesis of Chl and tocopherols.
LIL3 proteins directly interact with GGR and are required for stable accumulation of GGR in Arabidopsis [18] . Takahashi et al. [40] conjugated the transmembrane domain of LIL3 to GGR and expressed these chimeric proteins in the lil3:1 lil3:2 double mutant lacking LIL3 protein. As a result, the transgenic plants restored phytol-synthesizing activity and partially rescued the deficiency of Chl phy , suggesting that Arabidopsis LIL3 contribute to GGR reaction by anchoring GGR to the membrane through LHC motif. In rice, the chlp mutant lyl1 has been reported to accumulate Chl with unsaturated side chains, defect in tocopherols in leaves, and be sensitive to light intensity [14] . Till recently, OsLIL3 has been confirmed to interact with OsGGR as well [41] . In the present study, the 502ys mutant was more comprehensively investigated to do a comparison analysis with 637ys. 637ys showed similar characteristics with 502ys, including sensitivity to temperature and light intensity ( Fig. 4 ; Additional file 12: Figure S8 ), tocopherol and tocotrienol compositions in both leaves and grains ( Fig. 5 ; Additional file 13: Figure S9) , and alteration in expression of 18 genes involved in photosynthesis and Chl synthesis ( Fig. 11 ; Additional file 14: Fig.  S10 ). Moreover, OsLIL3 and OsCHLP genes displayed a consistent expression pattern ( Fig. 10 ; Additional file 15: Figure S11 ). Together with the lack of substantial Chl phy and tocopherols in 637ys, these data suggested that OsLIL3 is of extreme importance to the function of OsGGR. Recently, Hey et al. [20] demonstrated Arabidopsis LIL3 also interact directly with protochlorophyllide oxidoreductase (POR), and LIL3-deficient plants exhibited substantial loss of POR, suggesting LIL3 had another function for the stability of POR. Collectively, the versatility of LIL3 in Chl biosynthesis revealed its important role in growth and development of plants.
Chl consists of two moieties, a chlorin ring and a phytyl chain. Its chlorin rings absorb light energy, while phytyl chains are required for integrating Chls into hydrophobic regions of thylakoid membranes in chloroplasts [5, 42] . Naturally, Chl GG is instantaneously able to be detected in etioplasts of higher plants during de-etiolation [43] . Transgenic tobacco expressing antisense chlP-RNA showed decreased levels of Chl and tocopherol and accumulated Fig. 12 Phenotypic comparison of the wild-type ZH11 and Nipponbare (NP), the 637ys mutant, the 502ys mutant and the 637ys 502ys double mutant (DM) at the three-leaf stage. DM was obtained in the F 2 population derived from the cross between 637ys and 502ys, and the DM plants were confirmed by PCR and sequencing. To avoid competition for light with other plants stronger than DM plants in the F 2 population, only homozygous DM plants were retained in the soil substantial levels of Chl GG in leaves, displaying a delayed growth rate [9] . Rice mutants M134 and M249 accumulated only 3.4 and 1.4% of Chl phy under the low light of 45 μmol m − 2 s − 1 , and died when seedlings were grown for about 2 weeks under natural sunlight. However, the mutant seedlings could survive at least 2 months under the low-light condition [30] . Similarly, the lyl1-2 mutant preferentially accumulated Chl GG , grew very slowly, and died after it was transferred to natural sunlight [14] . In present study, the 637ys mutant accumulated more Chls with unsaturated side chains than the 502ys mutant in which GGR should be still active due to the single amino acid substitution (Gly to Ser) and, correspondingly, exhibited more severe phenotypes (Table 1 ; Figs. 1, 2, 12 ) [15] . Furthermore, the 637ys 502ys double mutant (lil3 chlp) displayed much more severe phenotypes than the single mutants and exclusive accumulation of Chl GG . Consequently, it died at the three-leaf stage not only under natural sunlight (Figs. 12, 13 ), but also under the low-light condition in the growth chamber (Additional file 11: Figure S7) . These data suggested that Chl phy is critical to plant growth and development, and the complete replacement of phytyl side chain of chlorophyll by geranylgeranyl chain could be fatal to plant survival in rice.
Conclusions
In this study, we identified the OsLIL3 gene through a map-based cloning approach. Meanwhile, we demonstrated that OsLIL3 is of extreme importance to the function of OsGGR, and that the complete replacement of phytyl side chain of chlorophyll by geranylgeranyl chain could be fatal to plant survival in rice.
Methods
Plant materials
The plant materials used in this study were originally from our lab. The yellow-green mutants, 637ys and 502ys, were obtained from commonly used japonica cultivar Zhonghua 11 (ZH11) and Nipponbare (NP), respectively, via ethyl methanesulfonate (EMS) mutagenesis. F 2 population was constructed for mapping by crossing 637ys with normal green indica cultivar Gang 46B (G46B). The 637ys 502ys double mutant was generated by crossing 637ys and 502ys and sequencing the F 2 mutant plants, in which primer sets 5′-AAAGTG AAGTCCCAAGCG-3′ and 5′-CTAATCATGCTCCA CCGA-3′, and 5′-ACATAATTCAGCACCACATG-3′ and 5′-ACACCCAGCCGTAGAAGT-3′ are used for detecting the mutation sites of OsLIL3 in 637ys and OsCHLP in 502ys, respectively. Rice materials were planted during the normal rice growing season in an experimental field of Sichuan Agricultural University in Wenjiang District, Chengdu City, China [44] . For temperature treatments, seedlings were planted in a growth chamber with 12 h of light/12 h of dark at constant 23°C (low temperature) or 30°C (high temperature). For light intensity treatments, seedlings were cultivated in a growth chamber with 12 h of low light (80 μmol m − 2 s − 1 )/12 h of dark or 12 h of high light (300 μmol m − 2 s − 1 )/12 h of dark at a constant temperature. Fig. 13 Chl composition analysis of the wild-type, the 637ys mutant, the 502ys mutant and the 637ys 502ys double mutant (DM). The elution profiles of Chls in wild-type ZH11 and Nipponbare (a), 637ys (b), 502ys (c) and DM (d) were detected at 660 nm by using HPLC. Peaks 2, 3, 4, and 5 represent Chl phy a, Chl THGG a, Chl DHGG a, and Chl GG a, respectively. Peaks 1, 6 and 7 represent Chl phy b, Chl DHGG b, and Chl GG b, respectively. The absorption spectra of elution profiles in acetone are the same as those in Additional file 1: Figure S1c and d
Analysis of pigments
Pigments were extracted from 0.2 g fresh leaves with 80% acetone followed by 48 h of incubation in dark at 4°C. The contents of photosynthetic pigments including Chl and carotenoid (Caro) were determined with UV-1700 UV-visible spectrophotometer (Shi-madzu) at 663 nm, 646 nm and 470 nm, and were calculated by using the equations described by Lichtenthaler and Wellburn [45] .
Chl used for HPLC analysis were extracted from fresh rice leaf tissue at the three-leaf stage with 100% acetone by centrifuging at 7197 g (Eppendorf 5430R; 7830 rpm) for 15 min. The supernatants filtered with 0.22 μm membrane were subjected to HPLC on a C18 column (Eclipse XDB-C18, 4.6 mm i.d. × 150 mm, 5 μm; Agilent). The mobile phase was solvent containing methanol, acetonitrile and acetone (1:3:1 v:v:v) at a flow-rate of 1.0 mL min − 1 at 40°C [46] . Elution profiles were monitored at 660 nm.
Transmission electron microscopy analysis
The fully expanded leaves of the wild-type ZH11 and the 637ys mutant were harvested from seedlings grown in the field under natural planting season at the three-leaf stage. The second leaf of the 637ys 502ys double mutant was harvested when the third leaf started to emerge from the sheath. The treatment on leaf sections and observation of chloroplast ultrastructure followed the method described by Wang et al. [38] .
Analysis of tocopherols and tocotrienols
Tocopherols in leaves were extracted from 0.1 g of fresh leaf tissue according to the method reported by Zhang et al. [47] with minor modification. 0.1 g of fresh leaf tissue was ground in liquid nitrogen, and then added with 600 μL of methanol: chloroform (2:1 v:v) followed by 1 h of incubation in dark. After added with 200 μL of chloroform and 360 μL of H 2 O, the samples were mixed well by vortex for 30 s, and centrifuged at 3000 rpm. The organic layer was collected and dried under N 2 gas. The dry residue was dissolved in 300 μL of ethanol and filtered with 0.22 μm membrane for HPLC analysis.
Tocopherols and tocotrienols in grains were extracted according to the method reported by Panfili et al. [48] with minor modification. 2 g of brown rice powder was saponified in a 50 mL tube with well mixed 10 mL of ethanol, 5 mL of pyrogallol (60 g/L), 2 mL of sodium chloride (10 g/L), incubated in 70°C water bath for 5 min, and then added with 1 mL of potassium hydroxide (500 g/L). The tubes were placed in a 70°C water bath and mixed every 5-10 min during saponification. After alkaline digestion at 70°C for 30 min, the tubes were cooled in an ice bath, and 10 mL of pre-cooled sodium chloride (10 g/L) was added.
The suspension was then extracted more than three times with a 15 mL portion of n-hexane/ethyl acetate (4:1 v/v). The organic layer was collected and dried under N 2 gas, and the dry residue was dissolved in 600 μL of ethanol and filtered with 0.22 μm membrane for HPLC analysis. 10 μg of δ-tocopherol standard, which does not exist in rice grains, was added to each sample prior to extraction as an internal standard [49] .
The chromatographic separation of the compounds was achieved with HPLC from Agilent 1260. A C18 column (Eclipse XDB-C18, 4.6 mm i.d. × 150 mm, 5 μm; Agilent) was used. The mobile phase was methanol/H 2 O (95:1 V/V) at a flow rate of 1.5 mL/min at 30°C [4, 14] . Fluorometric detection of all peaks was performed at an excitation wavelength of 290 nm and an emission wavelength of 330 nm. Injection volume was 20 μL. The tocopherols were quantified by using α-, γ-, and δtocopherol standards (Sigma).
Marker development
The information of SSR markers was acquired from Gramene database (http://archive.gramene.org/markers/ microsat/) according to the SSR linkage map constructed by McCouch et al. [50] . By BLAST searching in the National Center for Biotechnology Information database (http://www.ncbi.nlm.nih.gov/BLAST/), the sequence divergence including 15 to 100 bp insertion/deletion (InDel) between japonica cultivar NP and indica cultivar 9311 was used to design markers for fine mapping by using the Primer 5.0 software.
Sequence analysis
The DNA and amino acid sequences of OsLIL3 and its homologues were acquired from GenBank (http://www. ncbi.nlm.nih.gov) by BLAST. The prediction of chloroplast transit peptide was carried out by TargetP and ChloroP (http://www.cbs.dtu.dk/services/TargetP/; http:// www.cbs.dtu.dk/services/ChloroP/) [31, 32] . Multiple sequence alignment and phylogenetic analysis were conducted using DNAMAN version 6.0 (Lynnon Biosoft).
Complementation analysis of the 637ys mutant
For the complementation assay, the full-length cDNA sequence (753 bp) of OsLIL3 (LOC_Os02g03330) was amplified from the cDNA of wild-type ZH11 by using the primer set 5′-GGGTCTAGAATGGCCATGGCGA CCTCC-3′ and 5′-CTCTGCAGCTATTTCTTGGGCT GAGAAG-3′, containing an Xba I site and a Pst I site, respectively. After treating with enzymes Xba I and Pst I, the amplified fragment was inserted into the binary vector pCAMBIA2300 to produce construct PC2300-OsLIL3 driven by the Actin 1 promoter. The pC2300-OsLIL3 plasmid was transformed into 637ys mediated by Agrobacterium tumefaciens strain EHA105. The positive transgenic plants were confirmed by using the primer set 5′-AAGTTCCGGG ACTCGAGG-3′ and 5′-GCGATCATAGGCGTCTCG-3′, which located on the OsLIL3 gene and the pCAM-BIA2300 vector, respectively.
Subcellular localization of the OsLIL3 protein
The full-length cDNA sequence of OsLIL3 was amplified from the cDNA of ZH11 by using the primer set 5′-GGGGAATTCATGGCCATGGCGACCTCC-3′and 5′-CTTCTAGAGTATTTCTTGGGCTGAGAAG-3′, harboring a BamH I site at the 5′-end and an Xba I site at the 3′-end of the OsLIL3 gene, respectively. After amplification, the fragment was introduced into the pC2300-35S-GFP vector. The generated construct pC2300-35S-OsLIL3-GFP was subsequently transformed into the wild-type protoplasts, with pC2300-35S-GFP as control, following the protocol described previously [51] . Then the transformed protoplast suspension was incubated overnight in dark, followed by observation under a laserscanning confocal microscopy (Nikon A1).
qRT-PCR analysis
Rice samples were harvested from 7 to 8 a.m. Total rice RNA from root, leaf, leaf sheath, young panicle and stem was extracted with a RNA isolater kit (Vazyme). The first-strand cDNA was reverse transcribed from total RNA (2 μg) by using a reverse transcription kit (Vazyme). The amplification was performed in a total volume of 10 μL with 0.1 μM of each primer and 1 × SYBR green PCR master mix (Vazyme) by using the CFX96 real-time PCR system (Bio-Rad). The reaction condition was as follow: 95°C for 3 min, then 40 cycles of 95°C for 10 s and 55°C for 30 s. More than 3 plants were mixed for each sample. For each sample, three technical replicates on each of three biological replicates were carried out. The Actin 1 gene was chosen as an internal control. The 2 -ΔΔCT method was used to calculate relative changes in gene expression. The Student's t test was used for statistical analysis. All qRT-PCR primer sets were listed in Additional file 16: Table S5. tocopherol. Error bars represent standard errors of three independent biological replicates. Asterisks indicate statistically significant differences compared with the wild-type at P < 0.01. (PDF 758 kb) Additional file 14: Figure S10 . Expression analysis of genes involved in photosynthesis and Chl biosynthesis in 502ys. Actin 1 was amplified as an internal reference. The expression level of each gene in wild types was set to 1.0, and those in 637ys and 502ys mutants were calculated accordingly. Error bars represent standard errors of three independent biological replicates. The asterisk indicates statistically significant differences compared with the wild-type at P < 0.05. (PDF 591 kb) Additional file 15: Figure S11 
